Abstract. One of the main challenges in the co-existence of geostationary satellite orbit (GSO) and non-geostationary satellite orbit (NGSO) satellite networks is to mitigate the in-line interference caused by an NGSO satellite to the GSO earth terminal, while the NGSO satellite is crossing the GSO satellite's illumination zone. The method recommended in ITU-R S.1325-3 involves utilizing a range-based power control on the NGSO satellite for downlink communication to the NGSO earth terminals. In this paper, we investigate a cognitive range-based power control algorithm while taking into account the imposed interference level to the GSO fixed satellite service (FSS) system. Results show that the proposed cognitive power control algorithm can mitigate the harmful in-line interference on the GSO terminal receiver, while also providing the desired link quality for the NGSO system. More importantly, we formulate and solve an optimization problem with the objective of minimizing the intersite distance (ISD) of the GSO-NGSO earth user-terminals. Finally, we develop an analytical method to calculate the ISD between GSO and NGSO earth terminals and validate this with the help of simulation results.
Introduction
Satellites communications today provide many possibilities and opportunities to achieve better quality of service and extend backhaul services to anywhere and any-time [1] . However, fixed satellite service (FSS) involves deployment of a large number of user terminals on the earth. Further study on uncoordinated techniques for satellite systems is required to mitigate the interference caused by an adjacent satellite network to FSS systems. In general, the main contribution of the networking solutions for satellite networks are involved in techniques for satellite energy saving [2] , efficient resource allocation [3] , and FSS system interference mitigation [1, 4] . Studies on efficient usage of satellite resources and their co-existence with either terrestrial systems or other satellite networks exist in the literature [5, 6] . The co-existence of satellite systems with either other satellite systems or terrestrial networks can be achieved by employing suitable resource allocation and interference mitigation techniques [7] , [8] . Apart from the requirement of finding intelligent (or cognitive) resource allocation, it is important to ensure that the co-existence of multi-satellite systems does not cause interference to other co-channel systems such as FSS systems, mobile satellite services (MSS), or terrestrial systems. In particular, the interference mitigation is more complicated considering a practical dual satellite system (DSS) scenario, in which two satellites (e.g., GSO-NGSO satellites) operate over the same coverage area while sharing the spectrum bands [9] . In the co-existence scenarios of GSO-NGSO networks, in-line interference arises whenever an NGSO satellite passes through a line of sight path between an earth station and a GSO satellite [10] . It occurs due to the fact that an NGSO satellite may create/receive interference through its sidelobe or mainlobe to the GSO system (please see Fig. 1 ). To understand this scenario better, we can consider the co-existence of O3b satellites within ±5
• latitude from the equator and GSO Eutelsat KA-SAT satellite [longitude: 9.0
• , inclination: 0.01 • ]. The O3b satellite which uses the medium earth orbit (MEO) constellation and shares the frequency 18.8-19.3 GHz in downlink communication with the GSO system, has a high potential to cause interference to the GSO FSS system. In this context, one of the key challenges that has been identified in ITU Radio Regulations and European Space Agency is the need to explore efficient techniques to mitigate the in-line interference for the spectral co-existence of GSO-NGSO satellite networks.
Related Literature
Various studies have been conducted to address challenges in interference mitigation in the literature and ITU-R reports [5] - [10] . Concerning the uncoordinated (cognitive) techniques some of these approaches are: satellite selection strategies with the largest angular discrimination [11] ; spot turnoff method [12] - [13] ; and power control technique [10] . In the last technique, a cognitive transmission power algorithm is used to provide the required signal to noise ratio (SNR) at the receiver and maintain the interference level at the victim receiver. Most of the studies on dynamic transmission power controls on satellite stations involves on-board energy saving, without attention to investigations on controlling the imposed interferences on the victim receiver [17, 18] . Besides, majority of the research works in the literature have been carried out for individual satellite systems. Wherein, the integration between different satellite constellations plays a key role in moving towards the next generation of the satellite networks. A more related work to the objective of current paper can be found in [19] , [10] . Authors in [19] find the minimum separation distance between terrestrial base station (BS) and FSS earth station by considering the interference caused from terrestrial BS to the FSS earth station. In [10] a cognitive transmission power algorithm is used to provide the required signal to noise ratio (SNR) at the receiver and maintain the interference level at the victim receiver. Nevertheless, the impact of the inter-site distance (ISD) between GSO-NGSO earth terminals on the interference level of the victim GSO earth receiver is not studied.
Motivation and Contributions
According to the ITU-R S.1325-3 recommendation, adaptive power control on range in the downlink is one of the useful interference mitigation techniques in facilitating spectrum sharing between GSO and NGSO networks. This technique is left for further investigation in ITU-R S.1325-3. Besides, studies on earth terminal deployment strategies (such as inter-site distance among terminals) is one of the possible approaches for the efficient use of limited spectrum bands and network's capacity improvement [19] . In this context, the main contributions of this paper are as follows: 1) We utilize the cognitive power control in [10] based on the range (distance between NGSO satellite and NGSO earth terminal) in the co-existence scenario of GSO and NGSO FSS systems. 2) We analyse the feasibility of the cognitive range-based power control method in terms of GSO-NGSO geometry. 3) More importantly, we develop a theoretical model for minimum possible between the GSO and NGSO FSS earth terminals through analysis. 4) We present the improvements on the minimum ISD between FSS earth terminals using the proposed model, in which the NGSO satellite does not utilize any dynamic power control method on-board. The rest of the paper is as follows: Section 2 provides the system model and the in-line interference scenario. The cognitive range-based power control is defined in Section 3. We propose a method to determine the minimum ISD between FSS earth terminals in Section 4. Section 5 provides the analysis and simulation results. Finally, we draw the conclusion in Section 6.
System Model And Interference Scenario
In accordance with the co-existence of GSO-NGSO FSS systems while sharing spectrum on downlink 1 and uplink, the following in-line interference scenarios are probable to occur [10] : 1) Interference from the NGSO satellite to the GSO earth terminal in the downlink. 2) Interference from the GSO earth terminal to the NGSO satellite in the uplink. 3) Interference from the GSO satellite to the NGSO earth terminal in the downlink. 4) Interference from the NGSO earth terminal to the GSO satellite in the uplink. In this paper, we consider the GEO and MEO constellations, where an O3b satellite in MEO orbit is chosen as the use case scenario causing harmful in-line interference to the GSO earth terminal. Earth terminals are the user terminals operating in Ka-band in the FSS system such as VSAT. Reports in ITU-R S.1325-3 indicate that the number of interference events from NGSO satellite on GSO earth terminals observed more in downlink communication. Therefore, in this work, we focus on the downlink in-line interference from NGSO satellite to the GSO earth terminal (item (1) from the above listed bullets, please see Fig. 1 ), and we leave the rest of the scenarios for future work. Throughout this paper, we have assumed that the transmitters of the NGSO satellite communicate with their wanted receivers (NGSO earth terminal) along the boresight direction (i.e., off-axis angle=0
• ); which means that the antenna gain of the NGSO satellite and the NGSO earth terminal remains fixed in the downlink communication. In our system model, we have assumed free space loss (FSL) on the direct or interference channels, and fading phenomena such as diffraction or tropospheric propagation effects etc., are not taken into account.
Cognitive and Range-Based Power Control Algorithms
According to the ITU-R S.1325-3 recommendation, NGSO satellite can decrease or increase the transmission power based on the range, while providing the desired SNR level to the NGSO earth terminal. This is known as a range-based power control method. To enhance this method, we propose a cognitive rangebased power control algorithm at the NGSO satellite. In the proposed algorithm, the NGSO satellite will decrease or increase its transmission power while its distance to the NGSO earth terminal is getting shorter or longer accordingly. We have considered two threshold values for optimizing the transmission power of the NGSO satellite. The minimum SNR level at the wanted receiver, SN R min , and the tolerable interference threshold at the victim receiver, I th . We define two power control methods in the following subsections. In the rest of this work, the following subscripts are used: e for the earth system, s for the satellite, n for the NGSO system, and g for the GSO system.
Range-based Power Control Method
To compute the transmission power on the NGSO satellite as a function of range, d ne,ns (see Fig. 1 ), we first need to find the SNR level at the NGSO earth terminal. Using the FSL model, the received power at the NGSO earth terminal from the NGSO satellite can be computed as:
where P rx ne [W ] is the desired receive power at the input to the NGSO earth terminal antenna, P tx ns [W ] is the transmit power of the NGSO satellite station, and function
2 , in which λ is the wavelength. Gtx ns (0), Grx ne (0) are the transmit and receive antenna gains of the NGSO satellite and earth terminal along the boresight direction, respectively. The received SN R at the NGSO earth terminal is defined as:
where N [W ] is the thermal noise power at the receiver and can be expressed as:
where k is the Boltzmann's constant (1.38 × 10 −23 [J/K]), and T ne [K] is the noise temperature at the NGSO earth terminal, and BW [Hz] is the receiver bandwidth. In order to guarantee SN R min at the NGSO earth terminal the transmit power on the NGSO satellite as a function of range can be computed as follows.
Cognitive Range-based Power Control Method
The range-based power control technique in Eq. (4) satisfies the required SN R min at the NGSO earth terminal receiver to close the link. To apply the range-based power control in the considered coexistence scenario, we re-write this technique by taking into account the interference threshold level (I th ) of the GSO earth terminal as following optimization problem 2 .
minimize P tx(d ne,ns )
where P tx max is the available maximum transmission power on NGSO satellite board. In Eq. (5), conditions C.1 is to take care of the NGSO FSS QoS requirement, C.2 is to avoid harmful interference on the GSO earth terminal, and C.3 is to make sure the range-based transmission power allocation does not exceed P tx max . I is the interference ratio with respect to the wanted signal SNR at the GSO earth terminal as follows. In this case, although the NGSO satellite can use the maximum power for its transmission to close the link with the NGSO earth station receiver, it may not satisfy the interference threshold level at the GSO earth station. Therefore, it is better to handover the transmission to the next NGSO satellite that has better link conditions. This challenge motivates us to find the possible minimum ISD between the GSO-NGSO earth terminals such that the threshold constraints (in Eq. (5)) are satisfied.
In following, we first discuss the geometry determination of ISD between earth stations; then we follow the optimization problem for computing the minimum distance, ISD min , between GSO and NGSO earth terminals.
Proposed ISD Determination Method
In this section, we develop an analytical method for finding the minimum ISD between the GSO and NGSO earth terminals by formulating an optimization problem. Our optimization problem will take into account the interference level from NGSO satellite to the GSO earth terminal in downlink communication.
We have assumed that the position of GSO earth terminal is fixed, and we can only control the repositioning of the NGSO earth terminal. In this analysis it is assumed that satellite communication system operators have complete freedom in determining the geographical location of ground stations. First, let's find a relation between the ISD and the wanted range between NGSO satellite and earth terminal, d ne,ns (please see Fig. 2 ). Having the altitude, longitude and latitude of each earth terminal and satellite we can compute distance between any earth terminal to any given satellite (d * e, * s ), as follows.
where r sat is the satellite radius, R E is the earth radius, ω is the difference in longitude, in degrees, between the earth station and the satellite, and Γ is the earth station latitude in degrees. Let's denote local heights of the GSO and NGSO earth terminals as h 1 and h 2 respectively. Then, we have:
where L is the horizontal distance of the NGSO satellite from the GSO earth terminal, h 1 and h 2 are the altitudes of the GSO and NGSO satellites from the horizontal plane of the GSO terminal. ε 2 is the elevation angle of the NGSO satellite from the GSO earth terminal, and, ε 2 is the elevation angle of the NGSO satellite from the NGSO earth terminal. From Eq. (8), we can compute L as:
Since L is known, we can compute the horizontal distance between NGSO and GSO earth terminals, D, as follows.
Where φ is the azimuth angle of the NGSO earth terminal from the GSO earth horizon in degrees. ISD can be computed as
As ISD is a function of d ne,ns , we propose an optimization problem for minimizing the ISD as follows. 
By replacing SN R with SN R min in Eq. (4), and from Eq. (6), the conditions C.1 and C.2 in Eq. (12) give us the following restriction on the distance between the NGSO satellite and earth terminal systems.
By assuming the off-axis angles (θ sn , θ ge ), and d ge,ns are not changing, F can be considered as a constant term. The constant term C contains antenna gains of NGSO systems on boresight angle (θ = 0). Therefore, by substituting d ne,ns from Eq. (13) into Eq. (11), the minimum value for ISD can be computed.
In next section, we provide results for the cognitive and range-based mechanisms in the co-existence of GSO-NGSO FSS systems. Besides, we provide the results in terms of the link (SNR) outage probability for the NGSO link. We also compare the results for ISD min , using the analytical model in Eq. (11), and the simulation results.
Numerical and Simulation results
In this section, first, we compare results of the range-based power control with the cognitive range-based power control method. Then, we explain a Monte Carlo technique, which is conducted for computing the ISD min in our simulation, and we compare this result with the analytical model provided in Section 4. We have assumed that the traffic statistics do not vary with geographic location or service type. Throughout our numerical results, it is assumed that the NGSO earth terminal is in association with the constellation, and tracks the corresponding NGSO space station once a communication link is established. We increased the range, d ne,ns , by moving the NGSO satellite on its longitude. The range between NGSO satellite and earth systems is in associate with the elevation angle on the NGSO earth terminal, ε 2 . Once the elevation angle of the NGSO earth terminal is lower than the minimum elevation angle, the NGSO earth terminal communicates with the next available NGSO satellite with highest elevation angle (90 • ). The minimum elevation angle is considered to be 5
• for NGSO earth terminal. Figure 3(a) shows the transmission power of the NGSO satellite operating with the range-based algorithm, in comparison with the NGSO satellite that does not utilize any power control mechanism. As it is depicted in Fig. 3(a) , the NGSO satellite without any dynamic power control, operates with the maximum trans- mission power constantly 3 . Wherein, with the range-based power control, the transmission power of the NGSO satellite gradually increases with respect to the distance range, d ne,ns . To evaluate the effect of the cognitive range-based power control on the interference level of the GSO earth terminal, please see Fig. 3(b) . As it comes from the Fig. 3(b) , interference level decreases when the range between NGSO satellite station and GSO earth terminal, d ge,ns , increases.
However, the range-based power control has no limit on the interference level of the GSO earth terminal, and it can reach above the I th with smaller d ge,ns . Whereas, with the cognitive range-based power control, the GSO doesn't receive harmful in-line interference above the threshold level. As it is depicted in Fig.  3(b) , Eq. (5) has no-feasible solution when the NGSO satellite is getting closer to the GSO earth terminal and getting far from the NGSO earth terminal. Cumulative distribution function (CDF) of the interference level at the GSO earth terminal with respect to the same distances in Fig. 3(b) , is shown in Fig. 4(a) . To evaluate the effect of the no-feasible solution results on the SNR level of the NGSO earth terminal, please see Fig. 4(b) . Using simulation results we have compared the probability of outage in SNR for NGSO earth terminal in this figure. The probability of outage in SNR is calculated as the ratio of the total number of no-feasible solutions and the number of the NGSO satellite movement in the arc between [5 • ≤ 2 ≤ 90 • ]. As it comes from the Fig. 4(b) , the outage probability on NGSO earth terminal increases for smaller I th requirements, whereas, in the range-based power control method the outage probability does not vary with I th .
Monte Carlo method for choosing ISD min between earth terminals and their associated GSO-NGSO satellite coverage
In this method, for N number of times, we simulate a GSO earth terminal location randomly distributed with an associated GSO satellite, which is at a fixed location. The GSO earth terminal locations are computed by choosing a random latitude from −45
• to 45
• and a random longitude within 0 • to 45 • , which is the coverage of the earth from an O3b satellite, that can be interfered with the GSO satellite coverage. The longitude of the GSO earth terminal is chosen by a uniform probability distribution within [0
. Whereas, to take care of the spherical shape of the earth, the latitude distribution of the GSO earth terminal is chosen from following function
where x is an uniformly distributed variable between [0,1]. Once the GSO earth terminal location is chosen, it is tested to see if the elevation angle, ε 1 , is within the minimum operating elevation angle of the GSO network or not. The minimum elevation angle at the GSO earth terminal location should be greater than or equal to 10
• (ITU-R S.1325 3). If not, this location is not included as one of the locations simulated. To find the minimum distance between the GSO and NGSO earth terminals, we locate the associated NGSO satellite in random longitudes such that it has minimum elevation angle to the NGSO earth terminal. The minimum elevation angle defines the worst case scenario, where d ne,ns is at the maximum distance. Once the GSO earth terminal location is selected, then, with respect to azimuth angle of the GSO terminal, 0
• ≤ φ ≤ 360
• , NGSO earth terminal will be localized. For each azimuth angle, the ISD min will be found such that its elevation angle with the associated NGSO satellite is 5
• , and the optimization problem in Eq. (12) is satisfied. We have assumed that the computed ISD min in this worst case scenario, in which ε 2 = 5
• , is always greater than the minimum required distance between the two earth terminals. We have compared the result of this simulation with the results of the analysis formula for ISD, using Eq. (11) and (13) in Fig. 5 . This result is compared with when the NGSO satellite operates with the maximum transmission power in Fig. 5 . As it comes from this figure, the cognitive range-based power control method can significantly reduce the ISD min between FSS earth terminals.
Conclusions
In this work, we proposed to employ a cognitive range-based power control mechanism for an NGSO satellite operating in the downlink mode. We have examined the proposed power control method with the range-based power control mechanism suggested by ITU-R S.1325 3. The results verify that the cognitive power control method avoids the harmful in-line interference on the victim receiver. We note that although finding the distance from the satellite to an adjacent earth terminal is not practically possible, still our optimization problem can benefit the victim receiver by maintaining I th as a constant all the time. This threshold value lessens the imposed harmful interference on the adjacent earth terminals. We also proposed an optimization problem for finding the minimum inter-side distance between the FSS earth stations. The proposed ISD optimization technique can play a critical role in optimizing the network planing strategies.
